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Fatigue properties of atomic-layer-deposited alumina ultra-barriers and their implications for the reliability of flexible organic electronics The fatigue degradation properties of atomic-layer-deposited alumina, with thickness ranging from 4.2 to 50 nm, were investigated using a silicon micro-resonator on which the coatings were deposited and strained in a static or cyclic manner, with strain amplitudes up to 2.2%, in controlled environments. Based on the measured resonant frequency evolution, post-test scanning electron microscopy observations, and finite element models, it is shown that cracks in the alumina nucleate and propagate under cyclic loading, and that the crack growth rates scale with the strain energy release rates for crack channeling. The implications for the reliability of flexible electronics are discussed. /day, respectively), have been extensively investigated recently given their crucial role in the durability of flexible printed electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Commercialization of low cost, flexible, and large area plastic devices based on organic semiconductor technology, such as organic light emitting diodes and solar cells, hinges upon the development of suitable gas-diffusion barriers to prevent moisture and oxygen from degrading the performance of the active organic layer. 10, 11 This is particularly important given that the market for printed and thin film electronics is expected to grow from 1.92 billion (in 2010) to 55.1 billion USD by 2020. 12 Other applications requiring robust encapsulation include chemical microelectromechanical system (MEMS) sensors (such as liquid phase sensors) 13 and bioimplants. 14, 15 Thin film barriers of metal oxides or nitrides are often used for encapsulation in these types of applications, for which traditional packaging (e.g., a glass or metal lid with an opaque getter material) cannot be used. Atomic layer deposition (ALD) is a very promising technique for dense, pinhole-free, conformal, and highly uniform thin films deposited at low temperatures (<100 C). 16 Various types of ALD coatings were shown to be effective ultra-barriers, including neat alumina, titania, and nanolaminates. 1, 5, 6, 9 In addition to being excellent diffusion barriers, the ALD coatings must also be mechanically robust and withstand large applied strains (for flexible devices) without cracking.
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Being ultrathin, ALD films exhibit large crack onset strains, e c . [17] [18] [19] [20] [21] George and coworkers calculated e c values ranging from 0.5%-1% (40 nm ALD alumina) to 1.5%-2.5% (5 nm ALD alumina), and confirmed that e c follows a 1/h Al2O3 1/2 trend, with h Al2O3 being the coating thickness. 17, 21, 22 However, these measurements assumed time-independent cracking and did not investigate cyclic loading. Given that the aforementioned devices (flexible electronics, MEMS, bioimplants) are inherently subjected to cyclic loading, it is crucial to characterize the fatigue properties of these ultrabarriers. From a scientific viewpoint, little is known about the governing fatigue degradation mechanisms, and possibly size effects, in amorphous ultrathin (<50 nm) coatings of metal oxides or nitrides and their resulting fatigue properties (such as crack propagation rates as a function of loading amplitude and environment). 23, 24 This letter presents a suitable experimental technique to measure these properties, in the form of a silicon (Si) micro-resonator. Particularly, this letter demonstrates the occurrence of fatigue-induced crack nucleation and growth in ALD alumina coatings, and provides crucial information, heretofore unavailable, regarding the fatigue crack growth rates.
The fatigue characterization structure [25] [26] [27] shown in Fig. 1(a) is a laterally oscillating single-crystal Si microresonator made of a notched cantilever beam and a fanshaped mass with two comb drives for electrostatic actuation and capacitive sensing purposes. The authors recently coated these structures with ALD alumina of thickness h Al2O3 ranging from 4.2 to 50 nm (deposition temperature: 200 C, 28 using an in-house ALD tool, with tri-methyl aluminum and water as precursors, and respective pulse durations of 17 ms and 10 ms) 23 and highlighted the beneficial effect of the coatings on the fatigue properties of Si.
23 Fig. 1(b) shows the sidewall profile at the notch for a coated device (h Al2O3 ¼ 50 nm). The horizontal striations (scalloping) are the result of deep reactive ion etching of the Si layer. Fig. 1(c) shows the corresponding maximum principal strain (e 1 ) per unit angle of rotation (h) (calculated for monocrystalline Si (Ref. 29 ) and equal to the strain in the ultrathin alumina coating, e Al2O3 , if residual strains are ignored) 30 along the notch perimeter. The strains are largest (within 10% of the maximum value) over an area covering approximately 1 lm along the notch root and 10 lm along the thickness (see Fig. 1 (b)); both of these distances are much larger than h Al2O3 .
A fatigue test consists of driving the micro-resonator at resonance at a large strain amplitude (e a , up to $2.5%), 25, 31 and monitoring the evolution of the resonant frequency (f 0 $ 40 kHz) throughout the device lifetime in controlled environments (mild: 30 C, 50% relative humidity (RH), and a)
Author to whom correspondence should be addressed. harsh: 80 C, 90% RH). 25 An accurate optical calibration is performed before each test to measure the amplitude of rotation (h a ) with a precision of 0.3 mrad, leading to a precision of 0.02% in e a . The typical precision in f 0 measurement for these tests is $0.2 Hz (5 ppm). 31 The singular f 0 evolution during the initial stage of the fatigue tests for coated devices is attributed to damage in the alumina coating, 23, 24 which is quantified with post-test scanning-electron microscopy (SEM). These fatigue characterization structures can only provide large e a when actuated at resonance, given the large quality factors (Q $ 700). 32 To study the effect of static load, some devices were manually displaced by inserting a probe tip inside the hole located at the outer edge of the mass (see Fig. 1(a) ) and displacing it with a micromanipulator. The f 0 was measured before and after the application of the static load.
A linear-elastic finite element analysis was employed to assess the effects of cracking in the alumina on the device's f 0 . 24 The elastic modulus for alumina was assumed to be 175 GPa. 23 Both the effects of fully extended cracks in the coatings and the effects of debonding surrounding the crack (with various debonding lengths, k, ranging from h Al2O3 to 10 Â h Al2O3 ) on f 0 were investigated. Fig. 2(a) shows the total decrease in f 0 (Df 0 ) during the fatigue tests of the coated devices, as a function of e a . Most of the decrease occurs during the initial stage of the fatigue test (<2 Â 10 8 cycles, accumulated in less than 1.5 h), 23 and can be directly related to cracking in the coatings by combining post-test SEM observations (see Fig. 3 ) and the results of the aforementioned finite element models.
, along with the number of cracks determined using SEM. The predicted values are based on the finite element models and the linear fits between Df 0 and e a for each h Al2O3 (see Fig.  2(a) ). The predicted threshold e a values for fatigue cracking (as demonstrated below) in the coating decrease with increasing h Al2O3 (from $1.3% for h Al2O3 ¼ 4.2 nm to $0.4% for h Al2O3 ¼ 50 nm). These values are commensurate with the critical onset strains (e c ) measured for ALD alumina under monotonic loading. 21 Although not measured, the critical onset strains for our coatings are likely to be larger than in Ref. 21 given the much smaller strained areas in our devices (10 lm 2 vs $500 mm 2 ), and the known size effects governing fracture in brittle materials. Overall, the numbers of cracks observed in the SEM are consistent with the models for 5 Â h Al2O3 < k < 10 Â h Al2O3 . Fig. 3 shows seven SEM images of the notch area of fatigued coated devices, highlighting the presence of fully extended cracks in the coatings that have channeled through the entire (or most of the) device thickness. In addition, some amount of debonding surrounding the cracks can be observed (either clearly as debonding of the coating from the substrate in some instances, e.g., (f) and (g), or as damage in the coating surrounding the crack, also interpreted as debonding). The debonding length k clearly increases for thicker coatings (compare Figs. 3(a), 3(b), 3(d) , and 3(f), for devices tested at 30 C, 50% RH), and is approximately $5-10 Â h Al2O3 , thereby validating the numerical models. The damage in the coating surrounding the cracks appears rougher for thicker coatings and for harsher environments (see Figs. 3(b)-3(g) ). This damage surrounding the crack is likely a consequence of cyclic loading, such as compression-induced damage of the crack faces during the compressive portion of the loading. The effect of the environment on the nature of the damage is unclear, but may be related to corrosion observed for ALD alumina in humid environments. 1 A few static tests were performed on coated devices in laboratory air to establish the role of cyclic loading on the observed damage in the coatings. No decrease in f 0 was measured for a constant strain, e applied ¼ 1.51% (for h Al2O3 ¼ 25 nm), applied for 3 h; see Fig. 2(a) . In comparison, a fatigue test with e a ¼ 1.40% leads to a decrease of $50 Hz in 3.95 Â 10 8 cycles (2.7 h, which would correspond to a much shorter equivalent static time to failure if time-dependent subcritical fatigue occurred). 33 Similarly, no decrease in f 0 was measured after applying constant strains, e applied ¼ 1.65% and À1.60% (for h Al2O3 ¼ 25 nm), each for 3 h, on a device that had been previously cycled for only 1.85 Â 10 7 cycles at e a ¼ 1.50%, with an accompanying decrease of 52.4 Hz. These results strongly suggest that fatigue (due to cyclic loading) is responsible for both the initiation and channeling of cracks in the coatings.
SEM observations validated the numerical models used for predicting Df 0 due to channeled cracks and debonding surrounding the cracks (see Figs. 2 and 3) . The models were, therefore, used to predict the fatigue crack growth rates in the coatings based on the f 0 evolution plots measured for each test. Specifically, the f 0 evolution plots were combined with the numerical models to calculate the steady-state growth rate per cycle of a fully extended crack (crack depth a ¼ h Al2O3 ) channeling through the device thickness, dL/dN (where L is the length of the channeled crack and N is the number of cycles). The model assumes k ¼ 5 Â h Al2O3 , thereby dictating the predicted number of channeled cracks based on the total measured Df 0 , and also assumes that the cracks (if more than 1) channel simultaneously. Figs. 4(a) and 4(b) show the calculated crack growth rates (dL/dN) as a function of the amplitude of strain energy release rate for channeling, 34 with E' Al2O3 the plane strain elastic modulus, for two different cracking scenarios: debonding occurring concurrently with crack channeling (Fig. 4(a) ), and debonding only occurring once all the cracks have channeled through the device thickness (Fig. 4(b) ). The crack growth rates are about one order of magnitude larger for the second scenario. The actual crack growth rates are likely to be between these values, although the second scenario (Fig.  4(b) ) is more likely to represent the actual sequence of events during a fatigue test. Indeed, SEM observation of a device fatigued for only 1.85 Â 10 7 cycles (e a ¼ 1.50%) showed a channeled crack through the entire thickness with less pronounced debonding at the crack edges than is observed for a specimen tested at e a ¼ 1.40% for 5.75 Â 10 9 cycles. The calculated G a values range from $0.3 to 10 N/m, and are much lower than the critical energy release rate calculated for ALD alumina (G c,Al2O3 ¼ 29.3 6 6.1 N/m). 17 These results reinforce the notion of fatigue-induced, subcritical cracking in the alumina. 23 The calculated rates dL/dN are extremely small, mostly ranging from 10 À4 to 10 À1 Å /cycle. Based on these rates, extending a channeling crack by one interatomic distance (dL $ 3 Å ) requires from $30 to 30 000 cycles, suggesting that only a fraction of the atomic bonds along the crack front may rupture each cycle. Based on the power fits in Fig. 4 , dL/dN roughly scales with G a , and therefore also with h Al2O3 and e a 2 . The large scatter observed in the results may in part result from the assumptions of the model, such as simultaneous crack channeling. In situ SEM fatigue tests could enable refined results by directly measuring the crack growth rates, or by correlating the actual sequence of FIG. 3 . SEM images of fatigued devices showing channeled cracks through the device thickness, along with some amount of debonding/damage surrounding the cracks. All scale bars represent 500 nm. Fatigue specimens did not fail after more than 10 9 cycles (loading frequency is $40 kHz).
cracking events to the measured f 0 evolution. However, the fatigue results may be different in a vacuum environment (see Fig. 3 ), compared to humid environments. The environmental effects between the mild and harsh environment employed in this study do not appear to be significant on fatigue rates, 35 although the rates may be slightly larger at 80 C, 90% RH when comparing the results for each h Al2O3 . These results unambiguously highlight that fatigue degradation can occur in ultrathin amorphous alumina coatings. The underlying mechanism responsible for fatigue crack extension is unclear and deserves further investigation. The classical fatigue mechanisms for bulk crystalline materials (i.e., intrinsic mechanisms (cyclic plasticity) for metals, or extrinsic mechanisms (cyclic degradation of toughening mechanisms) for ceramics) 36 are unlikely to apply for this material. The absence of crack extension under static load in humid laboratory air also suggests that stress corrosion cracking (i.e., time-dependent, environmentally assisted crack extension) is not the governing mechanism either. Instead, the results suggest that the fatigue crack extension occurs due to cyclic loading, albeit at extremely small rates.
These fatigue results provide valuable guidelines regarding the reliability of flexible electronics that require ALD ultra-barriers. Based on Fig. 4 , the maximum calculated fatigue crack extension rates require more than 10 5 cycles to obtain a 10-lm long crack under similar G a values, which may be more than the targeted lifetimes for some flexible electronics applications such as displays. Fig. 4 also shows that the rates can be reduced significantly for thinner coatings, given that G a scales with h Al2O3 . The threshold e a values below which no fatigue degradation occurs also increase for thinner coatings (see Fig. 2 ). An optimized ultra-barrier thickness may, therefore, correspond to the thinnest coating for which water and oxygen transmission rates are sufficiently low (e.g., above 10-15 nm). 3 In conclusion, this experimental setup can be employed to identify robust, fatigue resistant ALD ultrabarriers, such as more corrosion resistant coatings (e.g., titania) 9 or more advanced ultra-barriers (nanolaminates). 1, 5, 6 Further development of the technique, such as the capability of performing in situ SEM or TEM fatigue tests, will also be pursued to investigate the underlying fatigue mechanisms.
